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Abstract-Spiral galaxies are modelled as n-body systems by means of long-range and molecular-type 
short-range forces. A relatively massive, elliptic-type core is set into rotational motion in a less dense, 
tidal-prone medium. Pressure waves result, along whose leading edges there is increased luminosity, which 
develops in a spiral pattern. Qualitative results are obtained by parameter choices which yield dimensionless 
dynamical equations. 
1. INTRODUCTION 
Spiral forms develop in diverse natural phenomena [l] but, perhaps, most dramatic is the 
development of spiral arms in galaxies. 
The mechanics of spiral galaxy formation have long been of interest to astronomers and 
mathematicians (see, for example, Refs [2-141 and the numerous references contained therein). 
Factors included in the various models are gravitation, electromagnetic effects, thermal effects, 
magnetic dipole effects and galaxy composition, including star masses, star ages and interstellar 
structure. Apparently, the dominant theories ascribe spiral development either to gravitation or 
density wave development, or a combination of the two [S-7]. Each theory developed has had to 
concern itself with two basic problems: namely, the origin of spiral structure and the persistence 
of the spiral pattern. In this paper we concern ourselves with precisely these two problems in 
developing a new, computer-oriented, n-body model. We will be guided by the physical principle 
that gross phenomena are the results of molecular interaction [15,16] and by the assumption that 
a dense, gaseous environment [12,14,17] surrounds the galaxy’s core, which can be modelled as 
a massive, two-dimensional, rotating elliptic disk. 
2. MATHEMATICAL, PHYSICAL AND COMPUTATIONAL PRELIMINARIES 
Physically, the classical forces which act on molecules are of two types: long range and short 
range. Long-range forces, like gravitation, are those which act uniformly on every molecule. Short- 
range forces are those which act only between a molecule and each of its immediate neighbors. This 
local action is of the two following general nature: if two molecules are pushed together they repel 
each other, if pulled apart they attract each other, and mutual repulsion is of a greater order of 
magnitude than is mutual attraction. Mathematically, this classical behavior is formulated as 
follows. The magnitude F of the force F between two molecules which are locally I units apart is 
of the form 
where, on the molecular level, 
a>O, j?>O, q>p>7. (2) 
The major problem in the simulation of any physical body is that there are too many molecules 
to incorporate into the model. The classical mathematical approach is to replace the large, but 
jinite, number of molecules by an injinite set of points. In so doing, the rich physics of molecular 
interaction is lost. A viable computer alternative is to replace the large number of molecules by a 
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much smaller number of particles, or quasi-molecules, continue the long-range force without change, 
but readjust the parameters in equation (1) to compensate [18]. It is this latter approach which we 
will follow. 
With regard to our simulations, in the present paper we assume simply that the only long-range 
force is gravitation and that the core is surrounded by a tidal-prone, heavy gas. 
The computer algorithm can be summarized as follows. (For the interested reader, a basic 
FORTRAN program is given in the Appendix of Ref. [19].) Consider N particles Pi, each of 
positive mass mi, i = 1, 2, 3,. . . , N. For At > 0, let t, = kAt, k = 0, 1, 2, 3,. . . . For each of i = 1, 2, 
3 , . . . , N, let particle Pi at time t, be located at ri,L, have velocity v~,~ and acceleration Q. Let 
position, velocity and acceleration be related by the following recursion formulas: 
Vi.f = vi,O + Wth.o, (starter formula); (3) 
and 
vi,k + + = Vi,k-+ + (At)ai,kr k = 1, 2, 3,...; (4) 
ri.k+ 1 = ri,k + (At)“i,k + ) 9 k=O, 1, 2,3 ,... . (3 
At t, let the force on Pi be Fi,k. We relate force and acceleration by the dynamical differential 
equation 
Fi,k = miai,k. (6) 
As soon as the precise structure of Fi,k is given, then the motion of each Pi will be determined 
explicitly and recursively by equations (3)-(6) from given initial data. The force Fi,k is now described 
as below. 
Let rij,k be the vector from Pi to Pj at time t,, so that rij,k = Jri,k - rj,kl is the distance between 
the two particles. Let D be a positive constant. Then, for simplicity, the force effects are separated 
as follows: if rij,k 2 D, the force on Pi exerted by Pj is taken to be the long-range gravitational 
force 
F,, = A 1 Gmimj !k.&, trij,kj2 ‘ij,k (7) 
where G is a gravitational constant; while, if rij,k < D, then the force on Pi exerted by Pj is taken 
to be the short-range force 
Fijvk = - 
amimj : ihmj & 
(rij,k)" 1 (rij.k)' 'ij.k (8) 
where a, /?, p and q are positive constants. The total force on Pi at t, due to all particles different 
from Pi is defined by 
Fi,k = 5 Fij,k. 
j=l 
jti 
(9) 
3. COMPUTER EXAMPLES 
Let us try now to summarize the large number of examples run by describing typical results and 
the effects of varying the parameters in these. The computations were performed on a DEC-2040 
computer, with a Tektronics 4012 as an indispensable daily graphics aid. We begin with an example 
which illustrates particular aspects of all the computations. 
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Example 1 
In order to have a relatively circular, nontrivial particle configuration and an economical run- 
time, we fixed the number of particles at N = 625. Computer experimentation led to the following 
parameter choices: a = b = 0.2, p = 2, q = 4, D = 1.4. With these choices, the particles P,, P,, P,, 
. . . . P 625 were arranged on a triangular mosaic, as shown in Fig. 1, with the distance between any 
particle and its nearest neighbor set equal to unity. This is consistent with equation (3), since the 
local equilibrium distance is unity by virtue of the choice a = p. The particles were numbered so 
that indices increased from left to right and from any row to the row above it. Next, the 13 centrally 
located particles P2s5-P2s8, P311-P315 and P,,,-P,,,, shown as dark circles in Fig. 2, were each 
assigned mass mi = 100. All other particles were assigned unit mass. In this fashion, a relatively 
massive almost elliptic core was created. The core particles were then set into counterclockwise 
rotation, each with an initial angular speed 8 = 0.75. All other particles were assigned initial 
velocities close to, but not exactly, zero, i.e. their initial velocities were set equal to zero to seven 
decimal places, with the eighth decimal place in each coordinate direction being determined at 
random. This was done because galaxies never exhibit complete symmetry. For G = 0.0001 and 
At = 0.0005, Figs 3-9 show the resulting motion of the system at the respective times T = 0.0, 1.0, 
2.0, 3.0, 4.0, 5.0, 6.0. In these figures, each particle’s velocity vector is also displayed, but multiplied 
by a factor of 20 to facilitate comparisons later. 
The emergence of galaxy arms can be seen from Fig. 5 onward. More precisely, Fig. 10 shows 
an approximation of the arms at time T = 4.0. The reasoning used for this figure is as follows. As 
the core rotates, it creates an outward moving compression wave. At the wave front, luminosities 
will be additive. The curved lines in Fig. 10 approximate this wave front. Behind the front are 
random motions which yield varying luminosities, but never ones with the uniform intensity shown 
at the wave front. Using the same reasoning, Figs 8 and 9 show the persistent development of the 
arms. 
Example 2 
Example 1 was repeated with only the following parameter changes: 4 = 1.0, At = 0.0002. The 
result of the increase in angular velocity is shown clearly in Fig. 11 at T = 3.0. When compared 
with Fig. 6 at T = 3.0, the increased speed of the outgoing compression wave is quite clear, as is 
the relatively rapid arm development. Figure 11 is not too unlike photographs of, say, NGC 4535. 
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Fig. 1. Particle configuration. Fig. 2. Elliptic core approximation. 
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Fig. 3. Example 1 at T= 0. Fig. 4. Example 1 at T = 1. 
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FIN. 5. Example 1 at T= 2. Fig. 6. Example 1 at T= 3. 
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Fig. 7. Example 1 at T= 4. Fig. 8. Example 1 at T= 5. 
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Fig. 9. Example 1 at T = 6. Fig. 10. Compression wave development for Example 1 
at T= 4. 
Example 3 
Example 1 was repeated with only the following parameter change: 4 = 0.5. The system 
configuration at T = 3.0 is given in Fig. 12 and not only shows the decrease in compression wave 
speed, but also indicates, as verified by extensive computation, that the arm development is not 
sustained. The pressure which develops is too small to be effective and simply disperses to the 
point where sustained arm development is not apparent. The entire configuration, however, is more 
cohesive than either of those shown in Figs 6 or 11 and is more like an elliptic than a spiral galaxy. 
Example 4 
Example 1 was repeated with the single change G = 0.00002. The decrease in the gravitational 
force results in an increase in outward particle speeds, due to the increased centripetal effect, and 
also in a decrease in density of the surrounding medium at the ends of the core’s major axis, as 
can be seen by comparing Figs 9 and 13. Indeed, extensive further calculations revealed that the 
gravitational effect is sufficiently small that the core almost breaks away from the arms, an effect 
not unlike that seen in, say, NGC4622. 
Example 5 
Example 2 was repeated with the single change G = 0.00002. The effects were almost negligible 
compared to those of Example 2. Apparently, the change in the gravitational constant had little 
effect on the centripetal force for this relatively high angular velocity. 
Fig. 11. Example 2 at T = 3. Fig. 12. Example 3 at T= 3. 
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Example 6 
Example 3 was repeated with the single change G = 0.00002. Unlike Example 5, this time the 
decrease in the gravitational force allows more centripetal action, as seen in Fig. 14 when compared 
with Fig. 12. Indeed, not only is the configuration cohesive, but relatively faint arms are developing, 
as is shown approximately in Fig. 15, which are not too unlike the arms in, say, UGC 01347. 
With regard to other examples, note that small changes in the parameters of Examples l-6 
resulted in only small variations in behavior. However, dramatic changes in any one parameter 
led invariably to dramatic physical effects. Thus, resetting D = 1.4 to D = 2.3 in Example 1 led to 
chaotic fluid motions, while resetting the large masses to 250 and the smaller ones to 2.5 in 
Examples 1 and 3 yielded what amounted to a partial gravitational collapse. 
Our conclusion is that the characteristics of galaxy structure depend strongly on the rotational 
speed of the core and the relative density of the surrounding medium. The slower the core’s 
rotational speed, the less likely it is that arms will be generated. Of course, the less dense the 
surrounding medium, the less its capability of supporting compression waves, so the likelihood of 
developing arms again decreases. Most interestingly, preliminary calculations indicate that barred 
spirals may result by increasing 6 much further than in our examples. Unfortunately, this requires 
a decrease in At beyond economic feasibility. 
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Fig. 13. Example 4 at T = 6. Fig. 14. Example 6 at T= 3. 
Fig. 15. Example 6 at T = 3. 
Particle simulation of spiral galaxy evolution 791 
4. REMARKS 
Let us finally make a few essential remarks. 
First, note that our model is in physical agreement with the pressure wave theory of Lin and 
Lau [73, even though their’s is a linear theory and our’s is nonlinear. Nevertheless, both models 
establish, in fact, only feasibility, since many other possible mechanisms have been omitted from 
consideration, like plasma streaming and nuclear fusion within the core. 
With regard to the Toomres’ particle models [12], in which all particles are massless and only 
a central force is hypothesized, our computations with their assumptions show that if any nonzero 
mass is assumed, then the arms either collapse or, unless held together unnaturally, escape from 
the system. 
Note also that the use of higher order numerical formulas, different from equations (3)-(6), are 
of little practical value, the reason being that any molecular approach is limited not only by the 
numerical forinulas in use, but also by the singularity in the force law (1). Indeed, if two particles 
P, and P, are interacting locally and are attracting, then too large a choice of At may result in 
their being so close at the next time step that the resulting repulsive force is unrealistically large, 
resulting in an explosive effect. 
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